Evidence from the solar system suggests that, unlike Venus and Mars, the presence of a strong magnetic dipole moment on Earth has helped maintain liquid water on its surface. Therefore, planetary magnetism could have a significant effect on the long-term maintenance of atmosphere and liquid water on rocky exoplanets. We use Olson & Christensen's (2006) model to estimate magnetic dipole moments of rocky exoplanets with radii R p ≤ 1.23 R ⊕ . Even when modelling maximum magnetic dipole moments, only Kepler-186 f has a magnetic dipole moment larger than the Earth's, while approximately half of rocky exoplanets detected in the circumstellar habitable zone have a negligible magnetic dipole moment. This suggests that planetary magnetism is an important factor when prioritizing observations of potentially habitable planets.
INTRODUCTION
Within the next decade, upcoming observations with nearfuture telescopes will detect an ever-increasing number of exo-Earths. In order to make the most of the limited observational resources available, target selection has focused on 'habitable worlds' defined as rocky bodies (with enough surface gravity to sustain an atmosphere) orbiting their host stars at a distance where stellar radiation is suitable for the presence of surface liquid water (Kaltenegger 2017). However, numerous planetary and astronomical factors influence an exoplanet's ability to maintain liquid water. It is increasingly important to expand our considerations to multiple parameters including magnetic field, albedo, stellar type, planet chemical composition, orbital eccentricity, inclination, tidal locking, impact events, and plate tectonics. This will enable us to prioritize planets most likely to maintain liquid water in order to best utilize telescope time when biosignature observations become a possibility.
Most assessments of habitability stem from observations of our own solar system. The presence of a magnetic dipole moment on Earth protects the surface and liquid water from solar winds and flares (Elkins-Tanton 2013) . Venus, Earth and Mars likely began with similar amounts of water (Grinspoon 1993; Way et al. 2016) . This is corroborated by their deuterium to hydrogen ratios (D/H) which suggest that both Mars and Venus had more water early in their histories and E-mail: sarah.mcintyre@anu.edu.au have lost most of it. Venus' atmosphere has a D/H abundance ratio ∼100 D/H of bulk Earth (Lammer et al. 2008) . Without the protection of a magnetic field, water vapour photodissociated in the upper atmosphere due to enhanced early solar EUV irradiation (Kasting & Pollack 1983) . This led to the escape of hydrogen into space and resulted in rapid surface liquid water loss (Lammer et al. 2011) . In 2015 the Maven mission confirmed that water was abundant and active on Mars for the first few hundred million years of the solar system (Jakosky et al. 2015) . However, at some point less than a billion years after Mars formed, its global magnetic field went extinct, removing a source of protection from the solar winds (Stevenson 2001; Golombek & Phillips 2010) . The loss of water raised Mars' atmospheric D/H ratio to its current value ∼5 D/H of Earth (Hallis 2017).
Almost all of the currently detected rocky exoplanets are on close, highly-irradiated orbits, bombarded by large amounts of ionizing EUV and X-ray radiation (Owen & Jackson 2012) . With weak or negligible magnetic protection, the upper atmosphere of an exoplanet will be more exposed to stellar winds and coronal mass ejections, resulting in atmospheric mass-loss due to non-thermal processes such as ion pickup, photo-chemical energizing mechanisms, and sputtering (Vidotto 2013) . Furthermore, even in the absence of stellar wind effects, the closed magnetic field lines above an exosphere inhibit the loss of charged particles to interplanetary space (Lammer et al. 2002) . Since planetary magnetism reduces non-thermal atmospheric erosion, it affects the evolution of a planet's environment and its po-tential habitability (Güdel et al. 2014 ). Here we focus on modelling the strengths of the magnetic dipole moments of rocky exoplanets to assess their ability to protect their atmospheres from hydrogen loss (∼ water loss).
METHOD

Magnetic moment model description
In our calculations we use the Olson & Christensen (2006) magnetic moment scaling law:
where M is the magnetic moment (in A m 2 ), r 0 is the planet's core radius, a fitting coefficient γ = 0.15 ± 0.05 is inferred from numerical simulations (Olson & Christensen 2006) , ρ 0 is the bulk density of the outer liquid core (we use the Earth's density model: ρ 0 = 11000±1100 kg m −3 (Litasov & Shatskiy 2016)), the magnetic permeability of the vacuum µ 0 = 4π × 10 −7 H/m, F is the average convective buoyancy flux, and D is the thickness of the outer liquid core. One of the factors needed for equation (1) is planetary core radius, r 0 . Zeng et al. (2016) used direct extrapolations from Earth's seismic model to integrate pressure and density along adiabatic profiles. These integrations provide radial density profiles for rocky exoplanets with an iron core, from which Zeng et al. (2016) proposed a semi-empirical relationship between core mass fraction (CMF), planetary radius, and mass. Zeng & Jacobsen (2017) then used the assumption that the internal gravity profile can be approximated as a piecewise function to show that the CMF can be related to the core radius fraction (CRF) of a rocky planet as CRF≈ √ CMF. The planetary core radius can then be calculated as:
where R p and M p are the planet's radius and mass respectively. In equation (1) F represents the strength of the thermal and chemical convection-driven dynamo in the planet's outer liquid core (López-Morales et al. 2011) . F is expressed in terms of the local Rossby number R O l , the thickness of the outer liquid core D, and the rotation rate Ω, with all three normalized to their corresponding Earth values:
where D = 0.65r 0 is the radial extent of the convection cell based on the Heimpel et al. (2005) model for the most efficient dynamo for at least some period of the planet's lifetime. We use a D = 0.65r 0 conversion for all the rocky exoplanets in our sample and D ⊕ = 0.65r 0 ⊕ for the outer liquid core radius of the Earth. Olson & Christensen (2006) calculated a value of 0.09 for Earth's local Rossby number and determined that R O l must be ≤ 0.12 for a base-heated dynamo to produce a dipolar magnetic moment. Thus, in order to model the best-case scenario, we have set R O l = 0.12 to generate an optimal convective buoyancy flux, allowing us to estimate the maximum magnetic dipole moment (M max ).
Rotation rate calculations
Our estimates of rotation rate Ω depend on whether an exoplanet is tidally locked or non-tidally locked. For the subset of tidally locked exoplanets we assume that the rotation period equals the orbital period. Grießmeier et al. (2009) was used to calculate the time taken to tidally lock an exoplanet:
where d is the planet's semi-major axis and the structure parameter α is set at Earth's value of α = 1/3. We adopt tidal dissipation factor of Q p = 500 corresponding to "small super-Earths" and "ocean planets" (Grießmeier et al. 2009 ).
The initial and final rotation rates Ω i and Ω f of a rocky exoplanet are not well-known quantities (Correia & Laskar 2003) . Following our strategy to model the maximum dipole magnetic moment, we (i) use a high initial rotation rate analogous to early Earth's rotation period of 4 hr prior to the moon-forming impact, corresponding to Ω i = 5.86Ω ⊕ (Canup 2008), and (ii) assume Ω f = 0 (Grießmeier 2006). We compare these τ sync values with the stellar age of the host stars (for stars with no age estimates, we assume a lower age limit of 1 Gyr) ( Table A1 ) and find that ∼99% of rocky exoplanets in our sample are tidally locked. (τ sync < stellar age). For these we set Ω = ). The rotation rates of Jupiter and Saturn indicate that a mass-weighted distribution of the 43 solar system objects would result in a similar mean with a narrower spread. We conservatively use this broader, number-weighted distribution.
Since we do not have the planetary rotation rates for non-tidally locked exoplanets, we examine the rotation rate of 43 solar system objects including planets, moons, dwarf planets, Kuiper belt objects and main-belt asteroids (Fig. 1 , Table A2 ). Their distribution is characterised by an average rotation rate of Ω = 2.5 ± 1.5 Ω ⊕ and we assign this value to the five exoplanets in our sample that are not tidally locked. This distribution spans a very broad range, including the low rotational velocities of the few terrestrial planets in our solar system.
Sample Selection and Monte Carlo Simulation
Before applying our magnetic moment model, we compile a database of rocky exoplanets using the NASA composite exoplanet database 1 , in conjunction with the higher precision radii of Kepler planets given in Fulton & Petigura (2018)(Table A1). Unknown masses or radii and their associated uncertainties are estimated using Chen & Kipping (2016) M-R relationship for terrestrial planets:
Following the Chen & Kipping (2016) definition of the boundary between terrestrial and Jovian planets, we restrict our sample to exoplanets with radii R p ≤ 1.23 R ⊕ , which corresponds to ∼ 2 M ⊕ and agrees with the Gaidos et al. (2010) prediction that rocky planets with mass > 2.5 M ⊕ will not develop inner cores and hence will not be able to sustain a magnetic field. These constraints restrict our sample to 496 rocky exoplanets (490 tidally locked), 9 of which are located in the circumstellar habitable zone (CHZ) -where the CHZ is the insolation between recent Venus and ancient Mars as defined by the Kopparapu et al. (2013) optimistic habitable zone (Kopparapu et al. 2013 (Kopparapu et al. , 2014 . Eight of the nine rocky exoplanets from our CHZ subset are tidally locked.
For each exoplanet we perform 10,000 Monte Carlo simulations, taking into account uncertainties on the masses, radii, and rotation rates of the exoplanets as given in Fulton & Petigura (2018) and the NASA composite exoplanet database 1 , as well as uncertainties on the parameters γ and ρ 0 . Furthermore, for the subset of planets where the massradius relation was used, equation (5) was input directly into the Monte Carlo simulation to ensure the uncertainties were appropriately correlated. These simulations allow us to determine the median and 68% confidence intervals on M max values.
DATA ANALYSIS
The median M max for all confirmed rocky exoplanets from our sample is computed using equations (1 -3) and plotted in Figure 2 .
Exoplanets with larger core radii have larger median M max (Fig. 2) . As is evident by the location of the majority of the data, in the left hand side, the sample of currently detected exoplanets has an observational bias towards planets with short tidally-locked periods (Kipping & Sandford 2016) . In the future, a broader sample of exoplanet detections combined with better constrained rotation rate measurements, will contribute to the clarity of magnetic dipole moment trends.
Since there are no well-established connections between magnetic moment strength and habitability, to help place our modelled M max values into a broader context, we compare our values to the values of three solar system scenarios involving the presence of liquid water on the surface of a 4 Ω 7/9 (see equations 1 -3). Since 4 > 7/9 M ma x is more sensitive to core radius than rotation rate.
planet -current Earth, early Earth and early Mars ( The reduced standoff of the solar wind during this period increases the potential for some atmospheric loss (Tarduno et al. 2010 (Tarduno et al. , 2007 . Figure 3 presents a frequency distribution of median M max values for all exoplanets within our sample. Taking into account the full Monte Carlo simulation described in section 2.3, in our sample, 11% ± 1% (Fig. 3 ) of all modelled exoplanets have median M max larger than that of current Earth. This subset of exoplanets, with larger magnetic moments, would have better protection from the harmful effect of stellar and cosmic irradiation. Additionally, Fig. 3 shows that 13% ± 1% of all modelled exoplanets have median M max less than early Mars. Figure 4 displays the median M max strength and upper 68% confidence value (lighter-coloured outer circles) in the context of the CHZ. 
In Fig. 4 , only Kepler-186 f has a median M max larger than Earth's current dipole moment. With a large magnetic moment and temperate orbit, this planet would be the most likely to maintain the presence of surface liquid water over prolonged periods of time.
Figure 4 also shows that only GJ 3323 b has median M max equal to or larger than that of early Earth, but smaller than the current Earth. Upon taking the 68% upper limits into account additional planets Trappist-1 d, e and g, would fall into this subgroup. While we know there was life and liquid water present on the surface of Earth during the Paleoarchean, Tarduno et al. (2010 Tarduno et al. ( , 2007 discuss the potential for an increased rate of atmospheric and water loss during this period. If this lower magnetic dipole moment persisted over a prolonged period of time, an exoplanet would not be able to sustain a habitable environment due to the increased rate of water loss. Therefore, this subgroup of exoplanets would need a larger initial reservoir of water, or subsequent incoming supplies of water to reduce the effects of a lower magnetic dipole moment.
It has been hypothesised that Mars maintained liquid water during the period when it had a dynamo and magnetic moment value 0.1M ⊕ , however, it was unable to sustain the dynamo and experienced rapid loss of liquid water around the same time the dynamo went extinct (Ruiz 2014). The 34% ± 12% (Fig. 3 ) of rocky exoplanets from our CHZ subset with median M max between that of early Mars and early Earth would not retain liquid water unless other circumstances were to counteract the effects of a lower magnetic moment, such as significant initial reservoir of water, high surface gravity, and/or a low amount of incident stellar irradiation.
Since a small magnetic moment has been connected with a loss of atmosphere (Vidotto 2013), depletion of water supplies (Elkins-Tanton 2013), and lack of plate tectonics (Lammer et al. 2006) , the 44% ± 13% (Fig. 3 ) of CHZ planets with median M max < 0.1M ⊕ , are unlikely to retain surface liquid water over prolonged periods of time. Thus, our results suggest that the CHZ might not be synonymous with the "liquid water zone" (Kaltenegger 2017).
Water is lost through a number of non-thermal processes such as dissociation and dissociative recombination 
CONCLUSION
Our analysis suggests that even with the best-case scenario of modelling the maximum magnetic dipole moment, 44% ± 13% of the currently detected rocky exoplanets in our sample, located in the CHZ have a negligible magnetic dipole moment. Since a lack of magnetic moment has been connected with the loss of atmosphere and depletion of water supplies, this group of exoplanets would not have protection against stellar and cosmic irradiation to maintain liquid water over a prolonged period of time, despite residing in the CHZ. Therefore, the habitability of each rocky exoplanet should be assessed on a case by case basis to determine which other factors apart from temperature and surface pressure could increase or decrease the chances of maintaining liquid water and hosting life. Planetary magnetism is one parameter amongst many astrophysical and geophysical properties of exoplanets and their host stars that could affect the habitability of a planet. These parameters need to be explored and evaluated in order to select the best targets for future observations characterising potentially habitable exoplanets.
While the models used here provide a broad overview of planetary magnetism, it is important to recognise that our model represents the optimal case, and it is likely that many planets in our sample could have a magnetic moment significantly less than M max . Furthermore, the convective buoyancy flux equation does not account for variation or evolutionary changes to the internal structure of the planet and its core. Additionally, we have assumed that the rotation rates of our non-tidally locked planets (6/496) can be reasonably represented by the rotation rates of non-tidally locked solar system objects. Furthermore, 99% of our sample is tidally locked, and therefore, the sample of rocky planets from transit surveys is heavily biased against habitable planets with strong magnetic dipole moments. Due to the slow rotations of tidally locked planets, according to our equations, they will have about 1/3 the magnetic field strength of non-tidally locked planets. The more we know about plan-etary and stellar structures and relations over time, the more accurate future models of planetary magnetism and habitability will become. Exoplanet detections from the TESS and PLATO missions, combined with ground-based radial velocities from existing and new spectrographs, will increase the sample size and improve the method used here. (Kopparapu et al. 2013 (Kopparapu et al. , 2014 . 
